Delineation of the visual pathway in paediatric optic pathway glioma patients using probabilistic tractography, and correlations with visual acuity.
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Introduction
Optic pathway glioma (OPG) is a childhood tumour of the visual pathway, which is often associated with the genetic disorder neurofibromatosis type 1 (NF1).
Despite having low-grade histological features, in keeping with World Health Organisation (WHO) grade I pilocytic astrocytoma, 1 OPGs are diffusively infiltrative, and tend to course along the optic nerves, chiasm, tracts, and, less frequently, the optic radiations. As such, despite their low malignancy, approximately one-third to one-half of OPG patients suffer visual loss as a result of their tumour. 2, 3 The lack of well-defined tumour margins, as well as the risk of damage to the visual apparatus, mean OPGs are not easily amenable to surgical resection, 4 and chemotherapy is generally the first line of treatment. However, determining when to treat patients remains a challenging clinical problem. A previous epidemiological study showed that no presenting factor (such as age, tumour location, and NF1-associated symptoms) could predict the need for future treatment. 5 Furthermore, there are currently no radiological techniques which can reliably predict loss of vision in patients. 4, [6] [7] [8] Although magnetic resonance imaging (MRI) is widely used in the management of OPG patients, tumour extent on 'conventional' MRI does not correlate with visual impairment. 6, 7, [9] [10] [11] As such, there is a clinical need for an imaging biomarker which is sensitive to microstructural tumour invasion of the optic pathway, and correlates directly with a patient's visual function.
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5 Diffusion MRI is a semi-quantitative imaging technique, which can be used to obtain detailed information about white matter pathways in the human brain. 12 The signal in diffusion MRI is sensitised to the random diffusion of water molecules, and the regular arrangement of tightly packed bundles of axons in the brain introduces a directional dependence to this diffusion. By measuring the degree of diffusion along a number of non-collinear directions, the degree of directionality (quantified by the fractional anisotropy, FA) and the magnitude of diffusion (quantified by the apparent diffusion coefficient, ADC), can be measured. It has been suggested that these parameters can act as surrogate biomarkers of 'integrity' and 'density' of the local neuronal axons, respectively, 13, 14 although this interpretation will be confounded by additional factors such as partial volume effects with cerebral spinal fluid (CSF), crossing fibres within an imaging voxel, cell membrane permeability, etc. [15] [16] [17] By following a path through local fibre orientation estimates, 'fibre tractography'
can be performed to infer the long-range white matter tracts connecting distant brain regions. 18 Diffusion tensor imaging (DTI) is the most widely used model to measure white matter orientation, 12 and is being increasingly used in the planning of neurosurgical investigations. 19, 20 DTI is an attractive option due to the relatively low scan-time requirements, and relative simplicity of the post-processing.
However, the tensor model is known to be invalid in imaging voxels containing multiple fibre pathways that cross or pass very close to each other, [21] [22] [23] [24] resulting in erroneous estimates of both white matter anatomy and axonal integrity. 22, [25] [26] [27] [28] As it has been estimated that crossing fibres occur in over 90% of white matter
6 voxels in a typical clinical DTI study, 29 this can have serious implications for the accuracy of this technique.
Constrained spherical deconvolution (CSD) provides an alternative postprocessing model for diffusion MRI data, in which a 'fibre orientation distribution function' (fODF) is estimated in each imaging voxel, allowing multiple fibre orientations to be resolved. 30, 31 This has lead to improved reliability of tractography throughout the brain, 32 and specifically, CSD-based tractography has been shown to improve the delineation of the optic radiations in patients with high-grade gliomas, compared to DTI-based tractography. 33 CSD modelling requires acquisitions with a larger number of diffusion-encoding directions (typically around 60), and has traditionally been used with 'singleshell' data, in which diffusion is measured at a single level of diffusion weighting (known as the b-value). Recently, a 'multi-shell' CSD method has been proposed, which models diffusion data acquired at multiple b-values. 21 This technique utilises the unique signal response to increasing b-value of different tissue types in the brain (e.g. white matter (WM), grey matter (GM), and CSF) in order to separate out the contributions from each in the diffusion signal. This technique, known as multi-shell, multi-tissue CSD (MSMT-CSD), provides an improvement over single-shell CSD, which suffers from unreliable, noisy fODF estimates in voxels containing a mixture of tissue types. 21, 34, 35 A number of previous studies have explored the clinical benefits of diffusion MRI in OPG patients. Yeom et al. 36 showed that OPG tumours with a higher ADC at
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7 baseline were more likely to progress and require treatment. Nickerson et al. 37 measured reduced FA and increased ADC in the optic nerves of patients with lesions intrinsic to the optic nerve (some of which were OPG lesions). In both these studies, measurements were acquired by manually placing regions of interest (ROIs) in either the tumour or the optic nerves. In contrast to this, however, diffusion-based fibre tractography can potentially delineate the axonal pathways that form the entire optic pathway. This would be beneficial as compromised structural integrity at any point along this pathway will affect a patient's visual acuity (VA). However, tractography of the optic pathway is technically challenging. The anatomy of the optic chiasm requires crossing fibres to be adequately resolved. Furthermore, the proximity of the optic nerves and chiasm to regions of magnetic field inhomogeneities, caused by the differential magnetic susceptibility of air and tissue, lead to marked distortions in the echoplanar imaging (EPI) readout typically used in diffusion MRI.
A recent study by de Blank et al. 9 used DTI-based fibre tractography to delineate the optic pathway in a cohort of paediatric OPG patients, and found reduced FA in the optic radiations was associated with VA loss. However, no significant correlations were found in the optic nerves or tracts, which may be due to limitations of the diffusion tensor model described above.
In this study, we investigated whether more advanced diffusion imaging, based on the MSMT-CSD model, could provide a delineation of the entire optic pathway in patients suffering from OPG. Having identified this pathway, we hypothesised that diffusion-MRI-derived measures of axonal structure in the optic nerves,
8 tracts, and optic radiations would correlate with VA, which would demonstrate the potential of this technique to detect microstructural damage to the visual pathway, which may not be visible on conventional MRI.
Methods
Twenty-six patients being treated or monitored for OPG at our institution were included in this study. All patients were receiving regular ophthalmological and MRI assessment on a 3-6 monthly basis as part of their care, and MRI examinations were matched to the closest ophthalmological assessment for each patient. Approval for this study was granted by our institutional ethical review board. Patients or patient's guardians (depending on patient age) provided written informed consent. In three patients, diffusion MRI had been included as part of their clinical care, for whom retrospective access to imaging data was granted.
Ophthalmology Evaluation
All patients were assessed at the ophthalmology clinic at our institution, by a paediatric ophthalmologist. Visual acuity was measured using an ageappropriate testing method (Teller, logMAR Kays, or logMAR), after which all visual scores were converted to the equivalent logarithm of the minimum angle of resolution (logMAR) score, 38 to allow comparison across patients. On the logMAR scale, a value of 0 represents '20/20' vision, and increasing logMAR
scores represent poorer vision (for example, '20/200' vision has a logMAR score of 1.0). 38 Vision was measured independently in each eye, where possible.
Magnetic Resonance Imaging
All imaging was performed on a Siemens 3.0 T Prisma scanner (Siemens, Erlangen, Germany), equipped with a 20 channel head receive coil. Multi-shell diffusion MRI was performed in conjunction with the standard clinical MRI protocols in use at our institution, which included an axial T2-weighted (T2w) turbo spin-echo acquisition, fluid attenuated inversion recovery (FLAIR) sequences, and pre-and post-gadolinium T1w acquisitions.
The multi-shell diffusion sequence employed a diffusion-weighted spin-echo single shot 2D EPI acquisition, with multi-banded radio frequency pulses to accelerate volume coverage along the slice direction. 39, 40 We employed a multiband factor of 2 over 66 slices of 2mm thickness with 0.2 mm slice gap. Diffusion gradients were applied over two 'shells': b=1000 s/mm 2 and b=2200 s/mm 2 , with 60 non-co-linear diffusion directions per shell, in addition to 13 interleaved b0 (non-diffusion weighted) images. Other imaging parameters were:
TR=3050ms, TE=60ms, field of view=220x220mm, matrix size=110x110, inplane voxel resolution=2.0mm, GRAPPA factor 2, phase-encoding (PE) partial 
Post-processing
By combining the diffusion-weighted data with the PE-flipped b0 image, the susceptibility-induced off-resonance field was estimated and corrected using a method similar to 41 , as implemented in FSL (fMRIB, Oxford University). Further eddy-current-induced distortions were corrected using FSL. All subsequent image post-processing was performed using the MRtrix 3.0 software package (Brain Research Institute, Melbourne, Australia).
Full details of the MSMT-CSD processing technique, and subsequent tractography, are given in Supplementary Materials, S1. In brief, after estimation of voxel-wise WM fODFs, a probabilistic streamlines algorithm was used to delineate the optic nerves, optic tracts, and optic radiations in each patient. This was performed in a piecewise manner, allowing these individual components of the optic pathway to be identified, on the left/right sides of the brain. An example of the final tracts in a representative patient is illustrated in Figure 1 .
Following identification of these tracts, median values of FA and ADC were measured in each region (see Supplementary Materials, S1.1).
Tumour identification
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predictors was found which minimised the p-value associated with the F-test.
After determining the final linear regression models, a 'leave-one-out' analysis was performed to measure prediction accuracy. For this, each patient in turn was excluded from the pool of raw data, and the linear regression model (based on the significant predictors determined above) was fit to the remaining patients.
Using this, the difference between the predicted and measured logMAR score for the excluded patient was recorded. After repeating this over all the patients, the root mean square of the prediction error of the final model was recorded.
For the optic nerves, VA in the eye with the highest measureable logMAR score (i.e. the worst measureable eye) was correlated directly against the imaging parameters in the corresponding optic nerve (e.g. if VA was worst in the left eye, this was correlated against median FA or ADC in the left optic nerve). However, the same technique could not be used for the optic tracts and radiations, as, being posterior to the optic chiasm, these receive input from both eyes. Here, mean inter-eye VA was used as the response variable. Median FA or ADC across both optic tracts was the first predictor variable, median FA or ADC across both optic radiations was the second predictor variable, and patient age, NF1 status and active treatment status were included as additional predictors.
Patients for which VA in one eye was too poor to be quantified using a logMAR score were excluded from the linear regression analysis. An additional groupwise analysis was performed in order to include these patients. 
Results
Patient Characteristics
The median interval between visual assessment and MRI was 18 days (range 1 to 189 days), and median patient age was 6.2 years (range 1.4 to 16.9 years).
Fourteen of the patients were NF1 positive (NF1+) and 12 were NF1 negative (NF1-). Seven patients were on active treatment with chemotherapy at the time of imaging (median 75 days of treatment), and one of these patients had also received previous enucleation of the right eye and removal of the right optic nerve.
Six of the patients in our cohort had VA in their worst eye which was too poor to be quantified (2 of which were NF1+). Of these, 4 had no perception of light, and 2 could detect hand-movements only. Of the 20 patients with measureable VA in both eyes, the mean logMAR score in the best eye was 0.43 (± 0.52, standard deviation), and 0.73 (± 0.73) in the worst eye (p=1.0, Wilcoxon signed rank test).
Of these, there was no significant difference between VA in the NF1+ group (median worst-eye logMAR = 0.64 ± 0.86, N=12), and the NF1-group (worst-eye logMAR = 0.87 ± 0.48, N=8; p=0.11, two-sided Wilcoxon rank sum test).
The NF1+ patients in our cohort had significantly lower median ADC in the optic nerves than the NF1-patients (8.37x10 -4 mm 2 /s cf. 9.27x10 -4 mm 2 /s respectively, p=0.028, two-tailed t test). In the optic tracts, the NF1+ patients had significantly higher median FA than the NF1-patients (0.37 cf. 0.33, p=0.035, two-tailed t test). No other significant differences between NF1+ and NF1patients were found in the optic pathway.
A map of 'tumour incidence' is shown in Figure 2 . Overall, 46% of patients showed radiological evidence (on conventional clinical MRI) of tumour involvement in the optic nerves, 42% showed tumour involvement of the optic tracts, and 15% showed tumour involvement of the optic radiations.
Linear Regression Analysis
In the optic nerve FA model, backward stepwise regression eliminated NF1 status, age and active treatment as non-significant predictors of worst-eye VA.
The final model included only median FA in the optic nerve, which was a significant predictor of VA in corresponding eye (R 2 adj = 0.31, FDR-corrected p = 0.0082), with lower FA associated with poorer vision. The root-mean-square (RMS) prediction error from the leave-one-out analysis was 0.65 logMAR units for this model. In the optic nerve ADC model, no predictors (except the intercept term) remained after backward stepwise regression.
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In the optic tracts and radiations, the only significant predictor of mean inter-eye VA in the final FA model was median FA in the optic radiations (R 2 adj = 0.52, FDRcorrected p = 0.00075, RMS prediction error = 0.44 logMAR units), with lower optic radiation FA associated with poorer vision. Median FA in the optic tracts was not a significant predictor of mean inter-eye VA. Similarly, in the ADC model, median ADC in the optic radiations was a significant predictor of mean inter-eye VA (FDR-corrected p = 0.0012), with higher ADC in the optic radiations being associated with poorer vision, but the same was not true in the optic tracts. In the ADC model, NF1 status was also a significant predictor of mean inter-eye VA (FDR-corrected p = 0.045), with NF1-being associated with poorer vision (R 2 adj = 0.50 for combined ADC/NF1 model, p = 0.0012, RMS prediction error = 0.44 logMAR units). Individual plots of VA vs. median FA, and VA vs. median ADC, along the optic pathway, are shown in Figure 3 .
Group-wise analysis
Box plots of FA and ADC values in the optic nerves, tracts, and radiations for the two groups are shown in Figure 4 . There was no significant difference in median 
Discussion
In this study, we demonstrated the feasibility of acquiring high angular resolution multi-shell diffusion data in a clinical setting, with sufficient diffusionencoding to perform MSMT-CSD. Using this technique, we were able to perform probabilistic tractography to delineate the entire optic pathway in paediatric OPG patients, despite the challenges of crossing fibres in the chiasm and tumour invasion of the pathway. The acquisition of phase-encoding-reversed b0 images facilitated the delineation of the optic nerves, which has previously been challenging due to susceptibility-induced off-resonance field artefacts in this region. 9 In the optic nerves and optic radiations, decreased FA values were strongly associated with poorer vision. In the optic radiations, increased ADC was also strongly associated with poorer vision. A similar pattern was seen for the optic radiation FA measurements in the group analysis, with higher FA in Group 1, which represents patients with near-normal vision, compared to Group 2,
representing patients with poor vision or un-measureable vision in one eye.
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17 Similar to the findings in our study, a reduction in optic nerve FA was previously reported in children with intrinsic optic nerve pathology (including OPG) in 37 , although this was not measured against VA, and the optic nerves were defined manually, rather than using tractography. A negative correlation between VA and FA was reported in the optic radiations in a paediatric cohort of NF1+ OPG patients, 9 but in this study no correlations between VA and FA/ADC were found in the optic nerves.
Similar to tumour-invasion of other white matter pathways in the brain, changes in FA and ADC in the optic pathway may represent microstructural damage caused by dislocation or infiltration of white matter bundles, or vasogenic oedema. 33, 43 In addition, anterograde degeneration from disruption to visual input may lead to 'downstream' structural alterations along the optic pathway. 9, 44, 45 Although these cannot easily be disentangled, our study suggests that multi-shell diffusion MRI provides improved sensitivity to the underlying structure of the white matter bundles forming the visual pathway, which may be undetectable on conventional MRI. For instance, on T2w imaging, the tumours in our cohort were mostly concentrated in the chiasm, with the majority of the optic radiations appearing unaffected (Figure 2) . However, the relationship between FA/ADC and vision was by far the strongest in the optic radiations, despite a lack of obvious tumour involvement in this region in most patients. In addition to the microstructural effects described above, this could be due, in part, to the larger size of the optic radiations, making their accurate delineation using tractography more feasible. Both the optic tracts and optic nerves are smaller in size, and as such, erroneous inclusion or exclusion of tissue in these regions will
18 have greater impact on the relationship with VA. Susceptibility-induced distortions are also significant in the region of the optic tracts, which may not have been fully corrected using the phase-encoding reversed b0 images.
Furthermore, although the optic nerves and optic tracts are similar in size, imaging parameters in the optic nerves were compared directly to vision in the corresponding eye. This one-to-one relationship could not be used for the optic tracts, which both receive input from both eyes. This, combined with their small size, may explain the lack of correlation between FA/ADC in the optic tracts and VA.
In this study, patient age and active treatment status were not found to be significant predictors of VA. Although normal vision varies with age in younger children, 46, 47 our data suggest that, in the presence of tumour invasion of the optic pathway, the structural properties of the optic nerves and radiations far outweigh any age-related or treatment-related effects on vision.
When comparing the structural properties of the optic pathway in the NF1+ and NF1-group (ignoring VA), we observed lower ADC in the NF1+ patients in the optic nerves, and increased FA in the NF1+ patients in the optic tracts. This could be indicative of reduced white matter integrity in the NF1-patients in these regions, compared to NF1+ patients. However, when the combined influence of both NF1 status and FA/ADC on VA was considered, NF1 status generally had no significant effect on vision. The one exception to this was in the optic tract/radiation ADC model, in which NF1 status had a small influence on VA, with NF1+ patients having better vision. However, the influence of median ADC
19 in the optic radiations on VA in the same model was an order of magnitude more significant. Overall, this suggests that the structural properties of the optic nerves and radiations, represented by FA/ADC, have by far the greatest influence on VA, but there may be a weak effect of NF1 status, with NF1+ patients having slightly better vision. The latter would support the data presented in 48 , in which OPGs in NF1-patients were shown to be more clinically aggressive (defined as causing significant visual decline) than OPGs in NF1+ patients.
This study had a number of limitations. Firstly, visual field assessments were not available for the patients included in this study. This prevented us from directly correlating deficits in vision in the left/right hemifield against the structural properties of the corresponding optic tract or radiation, which may have lead to improved correlations between imaging and VA. Furthermore, techniques such as visual evoked potential recordings, which are thought to represent the integrity of the afferent visual pathway, may well show improved correlation with FA/ADC measurements in the optic pathway. In the absence of visual field data, imaging parameters in optic tracts and radiations were correlated against mean inter-eye visual acuity in this study. Although this metric is not generally used clinically (a patient's visual function is more strongly linked to their best eye visual acuity), this was considered to be the most biologically relevant metric when assessing the structural integrity of the visual pathway in regions which receive input from both eyes.
In addition, FA and ADC values were used as predictors of visual acuity in this study. Although the correlation between these parameters in the optic radiations
20 and a patient's visual acuity was highly significant, the large root-mean-square prediction errors of these models suggest that these metrics alone would not be suitable for accurately predicting a patient's vision. The size of these prediction errors was influenced in part by the inclusion of patients with severely impaired vision in our correlation analysis, which, combined with the young age of these patients, make an accurate assessment of visual acuity extremely challenging. In addition, further factors, such as retinal thickness, will affect a patient's vision, which were not included in this study.
Furthermore, although FA and ADC are widely used when demonstrating tumour infiltration of white matter pathways, these parameters have some well known limitations in terms of acting as a surrogate biomarker of nerve fibre integrity / density 15, 16 . For instance, within a given imaging voxel, partial volume with CSF, axonal diameter, cell membrane permeability, and the degree of axonal myelination can all influence these parameters, and disentangling these using diffusion-MRI data alone is extremely challenging. 17 Finally, the data presented here represent a cross-sectional study, in which the relationship between FA/ADC in the optic pathway and vision was explored. A longitudinal study using the same imaging techniques would allow the predictive power of early changes in FA/ADC on a patient's vision to be explored. Previous studies have shown preliminary data to suggest that baseline values of diffusion metrics in the optic radiations, 9 or in the tumour itself, 36 may be predictive of subsequent changes in VA, and the tractography techniques presented here may present an optimal methodology for exploring this further.
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Conclusion
Multi-shell, multi-tissue CSD can be performed in a clinically feasible scan time, and provides sufficient information to delineate the entire optic pathway in paediatric OPG patients. This allows the optic pathway to be identified on FA or ADC maps, which in turn allows the structural properties of the white matter forming the optic pathway to be measured. In the optic nerves and optic radiations, these metrics have a significant correlation with a patient's vision.
This relationship was strongest in the optic radiations -a region in which the majority of our patients showed no sign of tumour involvement on conventional clinical imaging. As such, diffusion MRI may provide in vivo identification of damage to the optic pathway which would not be visible otherwise. As FA in the optic radiations provides the most sensitive correlate of VA, this measure could potentially be explored as a prognostic indicator of future decline of visual function.
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